The effects of the ionophore X-537A on mechanical function and on ionic exchange were studied in the isolated, arterially perfused rabbit interventricular septum. X-537A produced an initial positive inotropic response which was, however, transient in this preparation and appeared to be dependent on an effect of the ionophore on catecholamines. The positive inotropy gave way to a progressive decline in force development which was unrelated to the action of catecholamines and was not accompanied by the development of contracture. Isotope uptake experiments revealed that coincident with this decline in force development there was a continuous net loss of tissue K + and a net gain of Na*. X-537A (5 (HM) perfused for 20 minutes resulted in a net K + loss of 50.2 ± 4 . 6 mmol/kg dry weight and a net Na" gain of 74.0 ± 4.5 mmol/kg dry weight. Isotope washout experiments confirmed that the entire net loss of K' could be accounted for by increased K + efflux. X-537A did not alter Na + efflux nor did it have any detectable effect on 45 Ca exchange of the perfused septum in which the ability to detect net movements is at a level of approximately ± 550 /*mol/kg dry weight. On removal of the ionophore the decline in force development ceased and reversed to near control levels and the progressive ionic changes ceased. However, despite the near total recovery of contractile function the Na + and K 1 levels remained at values little different from those reached at the termination of X-537A perfusion. In addition, after removal of the ionophore, we found that K + exchange rate remained significantly less than control and, furthermore, a kinetic inhomogeneity of tissue K + was observed. The results emphasize a dissociation between cellular Na* and K + content and function following the ionic perturbations induced by the ionophore.
contraction a Ca 2+ ionophore might be expected to have considerable effects on muscle function. X-537A has in fact been shown to induce contraction of rabbit aortic smooth muscle 1 ' 2 and to increase resting tension in strips of rat diaphragm . 20 However, it is in cardiac muscle, which is critically dependent on an immediate extracellular source of Ca 2+ for maintenance of contractility. 21 ' 22 that the most marked contractile effects of X-537A have been demonstrated. Positive inotropic effects of X-537A have been reported in various isolated cardiac muscle preparations including whole heart, atrial, and ventricular preparations from several species. 1 ' 2 -20 ' 23~25 Furthermore. X-537A markedly increases myocardial contractility in anesthetized dogs. 4 ' 2S> 2(i These inotropic effects of X-537A have prompted speculation concerning potential therapeutic applications for this agent and others of its type . 2 
-4> 25> 2li
The purpose of the present study was to investigate directly the effects of the carboxylic ionophore, X-537A. on mechanical function simultaneously with the effects on ionic exchange in mammalian myocardium. The results are analyzed in terms of the relationship of ionic exchange to force development by the heart with particular attention to the short-and long-term effects of ionophorous action.
Methods
The preparation used in these experiments was the arterially perfused rabbit interventricular septum, similar to that originally described by Langer and Brady. 27 Adult New Zealand white rabbits were heparinized and given an intravenous overdose of sodium pentobarbital. The thorax was rapidly opened and the heart excised and transferred to a dissecting tray where the septal artery was cannulated. Perfusion of the interventricular septum was initiated immediately after cannulation of the artery (routinely within VOL. 40, No. 5, MAY 1977 4 minutes after death of the animal). The perfused area of the septum was then dissected free and mounted vertically in a perfusion stand with the base of the septum fixed between opposing Harmon forceps and the apex connected to a tension transducer. The tension recorded in this manner represents only one vector of the total force. It remains, however, a consistent proportion of the total contractile force throughout an experiment. Electronic differentiation of the tension signal permitted direct recording of the rate of change of tension (dP/dt).
The septa were perfused at a constant flow with a Harvard pump. The mean flow rate was 1.8 ml/min per g wet weight (range, 1.3-2.4). The temperature of the tissue was monitored by using a thermistor needle inserted directly into the muscle and, by employing a heating coil which warmed the perfusate before it entered the muscle, the temperature could be maintained constant. All experiments were conducted at 27°C. The frequency of contraction was controlled by external stimulation, at 3x threshold, and was between 33 and 42 beats/min.
The standard perfusate contained (IDM): NaCI, 130; KC1, 4.0; CaCl 2 , 1.5; MgCl 2 , 1.0; NaH 2 PO 4 , 0.4; NaHCO 3 , 12.0; dextrose, 5.6. This solution was equilibrated to a 98% O 2 -2% CO 2 gas mixture and had a pH of 7.4. Isotopes used were 42 K, 24 Na, and 45 Ca (International Chemical and Nuclear Corp.). 42 K was made up in an amount of K + -free perfusate calculated to maintain the K + concentration constant at 4.0 IDM. 24 Na and 45 Ca were added directly to the perfusate, since the quantities used were insufficient to produce significant alterations in the overall perfusate concentration of these ions. X-537A (Hoffmann-LaRoche) was dissolved in a solvent consisting of propylene glycol, ethanol, and deionized water in the ratio of 5:1:4, respectively, and samples of this stock solution were then added to the perfusate reservoir, with rapid mixing, immediately prior to use. The final concentration of the solvent never exceeded 0.1% and had no effects on any of the parameters of mechanical function or ionic exchange studied.
In the radioisotopic studies total tissue radioactivity was continuously monitored by a lead-collimated. thin endwindow Geiger-Muller probe closely apposed to the tissue. During isotope washout experiments the effluent was sequentially sampled by collecting timed droplets in individual planchets. The isotopic activity in these effluent samples was subsequently determined by counting with a G-M probe and counter (Nuclear-Chicago Ultrascaler II). In all experiments using the short half-life isotopes. 42 K, 24 Na, and 28 Mg, correction was made for the minute-tominute decay of activity that occurred throughout the experiment. The specific activity of the isotopic solutions used was determined by counting small samples of known volume in the same manner that the effluent samples from washout experiments were counted.
At the end of each experiment the septum was removed, excess fluid was blotted, and the tissue was weighed. The tissue was then dried to constant weight in an oven (24 hours at 100°C) and reweighed to determine dry weight and total tissue water. Finally, the dry tissue was dissolved in concentrated nitric acid, distributed over several plan-chets, and the total isotopic content was determined by counting the radioactivity as above.
It has been shown previously 28 that there is a loss of K + and a gain of Na + , concomitant with a gain of tissue water, in this preparation over the first 1-2 hours of perfusion. Thereafter a steady state is maintained for 5-6 hours with respect to water content, ionic content, and force development. A period of at least 120 minutes was therefore allowed for equilibration of the septa before any experimental intervention was imposed.
Results

MECHANICAL FUNCTION
The effect of X-537A on the mechanical function of the isolated rabbit interventricular septum is presented in Figure 1 and Table 1 . X-537A, at a concentration of 5 fxu, produced a transient positive inotropy which was maximal after 4-5 minutes, but thereafter mechanical function declined as a negative inotropic effect ensued. These changes in function were evident in the developed tension (P) and also the maximum rate of both tension development (+dP/dt) and relaxation (-dP/dt). The positive inotropy was also characterized by a decrease in the time to peak tension development. Although the majority of preparations showed no evidence of contracture, occasionally small increases (<1 g) in resting tension were observed after 10-20 minutes of exposure to X-537A. In a small number of preparations there were instances of spontaneous, rapid ectopic beating with resultant inability to maintain a regular rate with electrical pacing.
Recovery of function varied between preparations but in septa exposed to 5 /HM X-537A for 20 minutes mechanical function generally recovered to 85% of control or better within 90 minutes after X-537A was removed from the perfusate. At this point a second dose of X-537A was ineffective in production of positive inotropy but still resulted in a negative inotropic effect. Higher doses of X-537A (up to 20 /AM) led to progressively greater predominance of the negative inotropic effect with more rapid and severe deterioration of function, increased incidence of spontaneous ectopic beating, and greatly reduced recovery.
Propranolol markedly attenuated the positive inotropic action of X-537A but did not affect the negative inotropy. In the presence of 10 JU. M propanolol, 5 JAM X-537A produced a maximum positive inotropy with tension. +dP/ dt. and-dP/dtofonly 102.7 ±0.8%. 106.4 ± 0.7%. and 103.1 ± 1.5% of the propranolol control levels, respec- tively. After 20 minutes these parameters had declined to 58.7 ± 1.2%, 62.7 ± 1.2%. and 60.0 ± 1.6%. respectively. Propranolol alone, at a concentration of 10 /JLM. produced an average decrease in active tension, at steady state, of 13.6% in these septal preparations, but had no detectable effect on the parameters of ionic exchange studied. This concentration of propranolol was also effective in blocking the response to 1 x 10""M norepinephrine.
POTASSIUM Figure 2 illustrates the effect of X-537A on 42 K exchange. The 42 K content of the tissue was followed with the tissue probe and when equilibration was virtually complete X-537A was introduced. It must be stressed that the specific activity of the perfusate remained constant throughout uptake experiments. X-537A produced a net loss of K + from the tissue. This loss generally became evident within 5-6 minutes, continued throughout the period that the ionophore was present, and gradually leveled off after the ionophore was removed. The coincidental changes in tension development are also shown in Figure 2 . A striking, consistent feature was that the K + loss was only minimally replenished within the period during which the mechanical function returned to near control. s TENSIONlql FIGURE 2 Uptake of"K by isolated, perfused rabbit interventricular septum. After equilibration of the tissue with i2 K, 5 ^M X-537A was perfused for 20 minutes; this resulted in a net loss of K*. The simultaneous changes in tension development are also shown. Note that the K + loss is not replenished after removal ofX-537A. However, tension development does return to near control. In this septum the total tissue K + content represented by the asymptotic counts/min prior to X-537A per fusion was 314.0 mmol/kg dry wt, and the K + loss produced by the ionophore was 46.1 mmol/kg dry wt.
In five experiments of the type illustrated in Figure 2 the net loss of potassium that resulted from 20 minutes of perfusion with 5 JUM X-537A was calculated to be 50.2 ± 4.6 (SEM) mmol/kg dry wt. This calculation was based on the assumption that the efficiency of the probe in recording total tissue 42 K content remained constant throughout each experiment and on the total tissue K + content as determined from the relation: K(mmol/kg dry wt) = cpm/ (S o x dry wt of muscle) (kg), where cpm = total 42 K activity (in counts/min) in muscle labeled to equilibrium; S o = specific activity of labeling perfusate (cpm/mmol K). The total K + content of these perfused rabbit septa, determined as above, was 312.9 ± 7.6 (SEM) mmol/kg dry wt (n = 14) and this represents the equilibrated K + content prior to any experimental intervention. Under the perfusion conditions used throughout this study the tissue water content, determined from comparison of the wet and dry weights obtained at the end of experiments, averaged 86.6% of the wet weight (range. 84.8-88.2).
The effects of X-537A on 42 K washout were also studied. Septa were labeled for 50 minutes with 42 K and washout was then initiated with a solution of identical composition but without 42 K. The results of such an experiment are shown in Figure 3 . The general pattern of 42 K washout from the rabbit interventricular septum has been described previously 27 and is essentially identical to that from dog papillary muscle. 29 After the first 6-8 minutes the washout can be described by a single exponential function, and the parallelism of the effluent and tissue curves ( Fig. 3) indicates that at this time the 42 K is distributed in a single, kinetically homogeneous compartment. 30
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FIGURE 3 Effect of 5 \xM X-537A on i2 K washout from a rabbit interventricular septum. Figure shows simultaneous recording of the total tissue 42 /C activity in counts/min, and of the appearance of 4i K in the effluent as counts/ min appearing per min, plotted semilogarithmically against time. VOL. 40, No. 5, MAY 1977 It is considered that this portion of the washout represents intracellular K + . 27 -29 -31 It is clearly evident in Figure 3 that X-537A, added after 37 minutes of washout, produced a marked increase in 42 K efflux. There was a large increase in the rate of appearance of 42 K in the effluent and simultaneously the probe recording of total tissue 42 K fell below the extrapolated control washout. The washout was followed for a further 110 minutes after X-537A was removed from the perfusate, and over the final 60 minutes it was evident that the rate of 42 K washout was slower than during the preintervention control period. The tissue and effluent curves also diverged from parallelism after X-537A; this indicated kinetic inhomogeneity 30 of the remaining tissue 42 K. Both the slowed efflux rate and the nonparallelism were consistently observed and are summarized in Table 2 . When compared on a paired Mest the rate constant after X-537A was significantly (P < 0.02) slower than during the control period for both the tissue and effluent. While the rate constants for tissue and effluent were not significantly different during the control period, they were after the ionophore (F < 0.02).
The total increment in effluent 42 K activity produced by X-537A was calculated by integration of the area between the extrapolated control effluent plot (broken line in Fig.  3 ) and the recorded plot. From this the total net loss of K + was calculated in the manner previously described by Langer and Brady. 27 -29 In five experiments of the type shown in Figure 3 the total net K + loss was calculated to be 52.1 ± 5 . 3 (SEM) mmol/kg dry wt, a value not significantly different from that obtained from steady state 42 K-labeling experiments.
Propranolol did not significantly affect the ionophoreinduced K + loss. 42 K uptake experiments revealed a net loss of 44.4 ± 2 . 7 mmol of K/kg dry wt (n = 2) in the presence of 10 /XM propranolol. Propranolol itself had no effect on 42 K exchange in steady state labeling experiments.
Elevation of the Mg 2+ concentration of the perfusate also failed to significantly alter the K + loss. In the presence of 15 miu Mg 2+ (which alone did not alter net 42 K exchange), X-537A produced a net loss of 59.5 ± 1.0 mmol of K/kg dry wt (n = 2).
To investigate the possibility that the K + loss may be excitation-dependent or beat-dependent, experiments were performed on unpaced preparations. Unfortunately the maintenance of total quiescence in this preparation is difficult because of spontaneous beating, and furthermore X-537A invariably increased the incidence and frequency of spontaneous activity. Nonetheless, in four preparations in which the spontaneous rate maintained throughout perfusion with X-537A was less than 12/min the net K + loss that occurred was 47.6 ± 7.4 mmol/kg dry wt. This sug- Values are min~' and represent means ± 1 so (n = 5).
gested that there was no direct relationship between the magnitude of the ionophore-induced K + loss and the frequency of contraction. The possibility that a direct coupling between K + loss and Na + movements occurred with X-537A was studied during 42 K washout in a low Na + perfusion medium. In these experiments the Na + concentration of the perfusate was reduced to 25% of normal (i.e., 36 ITIM) by removal of the necessary amount of NaCl and replacing it with sucrose in a mole-for-mole equivalent substitution. The net K + loss produced by X-537A under these circumstances was, however, not significantly different from that which occurred in the presence of the normal concentration of Na + . Indeed, in the low Na + medium the net K + loss was calculated to be 51.8 ± 0.8 mmol/kg dry wt (n = 2). Figure 4 illustrates the effect of prolonged perfusion with X-537A on 42 K exchange. In this experiment the septum was. after equilibration with 42 K, perfused with a solution of identical specific activity but containing 1 fj.M X-537A for 110 minutes. The lower dose of ionophore was used to reduce the detrimental negative inotropic effects and so ensure reasonable maintenance of tissue integrity throughout the experiment. As indicated in Figure 4 , the loss of K + was continuous throughout the period that the ionophore was present, though the rate of loss clearly appeared to decrease as the loss progressed. In two experiments in which 1 / LIM X-537A was perfused for 110 minutes the net K + loss was 67.8 ± 6.4 mmol/kg dry wt.
SODIUM
The effects of X-537A on Na + exchange were studied in 24 Na uptake experiments. These experiments were conducted in essentially the same manner as the 42 K uptake experiments except that the isotope used was 24 Na. The effect of X-537A on tissue uptake of 24 Na is shown in Figure 5 . The difference in the basic pattern of 24 Na uptake as compared to 42 K uptake is clearly evident (cf. Fig. 2 ) and is consistent with the expected distribution of these cations within the tissue. Virtual equilibration of 24 Na uptake is achieved within 30 minutes. Perfusion with X-537A resulted in an increased uptake of 24 Na. indicating a net gain in total tissue Na + . The increase in total tissue 24 Na activity generally became evident within 5-6 minutes, was progressive throughout the period that X-537A was present, and leveled off when the ionophore was removed. The accompanying changes in tension development are also shown in Figure 5 and this illustrates the absence of any appreciable reversal of the Na + gain within the period that mechanical function recovers to near control levels.
The net gain in tissue Na + resulting from 20 minutes of perfusion with 5 pM X-537A was calculated to be 74.0 ± 4.5 mmol/kg dry wt (n = 8) while the total tissue Na + content, before exposure to X-537A. was 685.2 ± 19.5 mmol/kg dry wt (n = 12). This total Na + content was obtained from the total 24 Na activity in septa labeled to equilibrium and represents the steady state Na + content of these perfused rabbit septa. As was the case with the K + loss, the Na + gain was not affected by propranolol and also occurred to the same extent even in unpaced preparations.
Prolonged perfusion with a low dose of X-537A (1 (xM. 110 minutes) resulted in a progressive gain in tissue 24 Na,
Effect of prolonged perfusion with 1 \x.M X-537A on 42 K uptake and tension development. There is a continual progressive netloss ofK + for as long as the ionophore is perfused. In this experiment the loss amounted to 61.3 mmol/kg dry wt. The equilibrated K* content of the tissue prior to exposure to X-537A was 296.3 mmol/kg dry wt.
as illustrated in Figure 6 . It is also clear, however, that the rate at which the tissue gains this extra 24 Na diminishes as the net gain progresses. The magnitude of the net gain in total tissue Na + resulting from 110 minutes of perfusion with 1 / U. M X-537A was calculated to be 85.2 ± 15.7 mmol/kg dry wt (n = 2).
The effect of X-537A on the pattern of 24 Na washout was investigated in four experiments. Septa were labeled for 40 minutes with 24 Na and washed out. under control conditions, with isotope-free solution for 75 minutes. Effluent was collected over the initial 40 minutes of this washout to establish the control pattern of 24 Na washout. At the end of the 75-minute washout period the septa were relabeled with 24 Na for 40 minutes and again washed out. After 10 minutes of this second washout. 5 JUM X-537A was introduced into the washout solution. The re- FIGURE 5 u Na uptake by rabbit ventricular myocardium. After equilibration of the tissue with z Wa 5 fiM X-537A was perfused for 20 minutes. This produced a net gain of Na* which was not reversed upon washout of the ionophore. The coincidental effects on tension development are also shown and illustrate that, although the Na* gain does not reverse, tension does recover toward the control level. The Na* content of this tissue, represented by the equilibrated 2 *Na activity, was 679.9 mmol/kg dry wt and the Na* gain produced by X-537A was 66.3 mmol/kg dry wt.
FIGURE 6
Effect of prolonged perfusion with 1 {JLM X-537A on i4 Na uptake and tension development. The net gain of Na* is continuous as long as the ionophore is present and in this experi-• ment amounted to 96.0 mmol/kg dry wt. The equilibrated Na* content prior to X-537A perfusion was 786.9 mmol/kg dry wt.
suits of one such experiment are shown in Figure 7 . The effluent curves from the control situation and from perfusion with X-537A were superimposable. which indicated that X-537A had no demonstrable effect on Na + efflux. This result was consistent over the four septa so investigated.
CALCIUM
The effect of X-537A on both 45 Ca uptake and washout was studied. In neither instance were any significant effects discernible. Figure 8 shows the pattern of 45 Ca uptake from a septum that was exposed to 5 fxM X-537A over the period indicated. Although there is no indication of any effect of X-537A on net 4S Ca exchange it should be noted that in monitoring total tissue 4S Ca using the apposed G-M probe, the weak /3 emission of this isotope places considerable limitations on the ability to accurately resolve small changes in total 45 Ca activity by this method. This is illustrated in Figure 8 , in which the shaded area represents ±3 SD of the mean count. A sustained deviation of the count beyond these limits would represent a significant change in total tissue 45 Ca. If the total exchangeable Ca 2+ content of these rabbit septa perfused with 1.5 mM Ca 2+ is 14.6 mmol/kg dry wt, 22 then the change in total exchangeable Ca 2+ represented by a shift of 3 SD in the count would be -550 /umol/kg dry wt. Changes less than this may be difficult to resolve accurately by the 45 Ca uptake technique.
Washout experiments failed to reveal any effect of X-537A on the pattern of 45 Ca efflux. The results of one such experiment are presented in Figure 9 . The septum was labeled for 30 minutes with 45 Ca and washed out under control conditions for 90 minutes, with collection of effluent over the initial 40 minutes. It was then relabeled for a further 30 minutes and washed out a second time. During this second washout the septum was exposed to 5 /XM X-537A. As is evident in Figure 9 , X-537A did not alter 45 Ca efflux. The 45 Ca washout pattern from the rabbit interventricu-10 -I ,o>L FIGURE 9 Consecutive <h Ca washouts from a rabbit interventricular septum. 45 Ca activity appearing in the effluent is plotted, as counts/min per min, similogarithmically against time. Initial washout (filled circles, 9) was under control conditions. During the second washout (open circles, O) the septum was exposed to 5 fj.M X-537A over the period indicated. lar septum is a complex multiexponential 22 consisting of at least four distinguishable phases. In the experiment shown in Figure 9 , X-537A was introduced early in the washout at a time when there was a considerable contribution from the earlier phases. Washout experiments were also performed under conditions in which X-537A was introduced late in the washout when presumably the 45 Ca appearing in the effluent has a predominantly cellular origin. Again no significant changes in 45 Ca efflux could be demonstrated.
MAGNESIUM
Two septa were labeled with 28 Mg for 50 and 58 minutes and then washed out. Washout was allowed to proceed for 1 5 minutes to ensure complete isotopic clearance of the extracellular space, at which point 5 (JLM X-537A was added to the washout solution. No discernible effect on the rate of 28 Mg washout was noted on either the tissue or effluent curves. There was no evidence that X-537A resulted in an increase of Mg exchangeability or induced a net loss of this major intracellular cation.
Discussion
Since the demonstration that X-537A could complex and transport Ca 2+ across lipid barriers the effects of this ionophore have been investigated in several Ca 2+ -dependent biological systems. The importance of Ca 2+ in the mediation of membrane-related biological phenomena is undisputed and an agent capable of modifying the Ca 2+ permeability of membranes might be expected to exert profound effects on certain biological systems. Recent studies from a number of laboratories have shown that X-537A can increase cardiac contractility.'-2 -4 -20 ' 23~2li The interpretation of this action is, however, complicated by the fact that X-537A can also complex and transport monovalent cations and catecholamines.'-2>4 ' 24 The present study confirms a transient positive inotropic action of X-537A in mammalian myocardium. The virtual abolition of this effect by adrenergic /3-receptor blockade, however, suggests that endogenous catecholamines may be involved in its mediation. It is interesting to note the similarity between the X-537A-induced positive inotropy and that produced by catecholamines. X-537A increased both -t-dP/dt and -dP/dt similarly and shortened time to peak tension, effects that are characteristic of norepinephrine action on cardiac muscle. 32 Several other studies have shown that the positive inotropism produced by X-537A is abolished or markedly attenuated by propranolol and by reserpine pretreatment. 20 ' 23~25 Schaffer et al. 23 also reported that X-537A was without effect on winter frog hearts which naturally lack catecholamine stores. Furthermore. X-537A has now been shown to release catecholamines from adrenal tissue 17 ' 18 and peripheral adrenergic neurons. 14 A major feature of the present results is the negative inotropic effect of X-537A. This has not previously been reported, although Williamson et al. 24 briefly mention decreases of left ventricular pressure and work output in isolated rat hearts perfused with high doses of X-537A. A preliminary report on the myocardial effects of two other carboxylic ionophores, nigericin and monensin. reveals that these compounds also exert a negative inotropic ac-tion. 33 The negative inotropism is unaffected by propranolol and does not appear to be related to an effect on catecholamines. but rather seems to be the result of some other independent action of the ionophore.
This biphasic response of the isolated septal tissue is contrasted by the response of the heart in the intact animal, which can attain increases of 200% or more in contractility and sustain this for several hours. 4 ' 25>2B However, in the intact animal the response pattern is most probably complex and composed of several components. Certainly marked hemodynamic changes occur when X-537A is administered to the intact animal. 4 ' 25 ' 2B The involvement of catecholamines in the response pattern of the intact animal is also uncertain, since other carboxylic ionophores are now known which, although virtually devoid of in vitro catecholamine transport capacity, can have potent cardiovascular activity. 4 The results of the isotopic experiments provide direct evidence that X-537A is indeed capable of modifying membrane permeability in intact tissue. However, they also reveal that in this physiologically perfused situation the permeability changes induced by this ionophore are primarily in regard to K + and Na + . and not to Ca 2+ . Increases in Ca 2+ efflux have been reported with higher doses of X-537A (20-30 /MM) both in neurohypophysis 34 and guinea pig atria. 35 The increased Ca 2+ efflux observed in these studies was. however, believed to be secondary to the release of intracellular Ca 2+ from mitochondria and sarcoplasmic reticulum. Also, in the study with guinea pig atria 35 the preparations were previously exposed to a zero calcium medium which in itself may produce marked alterations in membrane permeability to Ca 2+ . 3R Changes detected in the total tissue activity of an isotope, following equilibration of the tissue with that isotope, unambiguously reflect net changes in the tissue content of the isotopic species. In this regard the isotope uptake experiments revealed that X-537A produced a net loss of K + and a net gain of Na + in rabbit myocardium (Table 3) . Washout experiments, however, monitor only the efflux of the isotopic species and can. therefore, provide insight into the means whereby net changes occur. X-537A increased K + efflux, and the loss was the same as the total net loss determined from steady state labeling experiments. Consequently, the entire net K + loss produced by X-537A can be accounted for by an enhanced efflux of K + . which suggests that there was no significant contribution to the ionic changes by an inhibition of active Na + -K + transport. Furthermore, 24 Na washout experiments showed that X-537 A did not alter Na + efflux, indicating that the net gain in tissue Na + resulted from increased Na + influx.
These effects on K + and Na + movement are consistent with the proposed mechanism whereby this antibiotic functions as an ionophore to increase membrane permeability. '~3 If. as expected, X-537A acts as a mobile carrier at the cell membrane to facilitate the passive flux of these cations down their respective concentration gradients, increased K + efflux and Na + influx would follow.
That X-537A acts as an independent passive carrier is further supported by the inability of the various interven- 
Values are means ± SEM in mmol/kg dry wt. The values in parentheses represent the same quantities expressed as mmol/kg wet wt. tions imposed to modify the net ionic changes. The lack of any effect of propranolol dissociates the cation ionophorous action from catecholamine-mediated effects. An elevated Mg 2+ concentration, which has been shown to block the increased K + efflux produced by cardiac glycoside, 37 was ineffective in blocking the ionophore-induced K + loss, which indicates that this does not occur through the same Mg 2+ -sensitive K + channel. Finally, the presence of the same quantitative ionic changes in preparations contracting at a low rate suggests that the permeability changes produced by X-537A are not related to excitation-dependent membrane conductance changes.
In some situations the carboxylic class of ionophores, of which X-537A is a member, have been shown to produce an 'exchange-diffusion' type of cation transport, facilitating the exchange of one cation for another across the membrane. 2 -3 Since X-537A produced the same quantitative K + loss in the presence of either 142 or 36 mM Na + it is unlikely that the ionophore-mediated transport of these cations is directly coupled, unless the ionophore carrier mechanism was completely saturated at 36 mM Na + . The possibility also exists that an unknown cation (e.g.. H + ) is involved in an exchange for K + or Na + , or both. An X-537A facilitated exchange of K + for H + has indeed been demonstrated in isolated mitochondria 12 .
As illustrated by Figures 4 and 6 . the ionic changes produced by X-537A continued throughout the period that the ionophore was present although the rate of change progressively decreased. A component of the driving force for carboxylic ionophore-mediated transport of an ion is the transmembrane concentration gradient of that ion. 3 and the rate of transport would be expected to decrease as this gradient diminishes. This possibly explains the observed course of the K + loss and Na + gain during prolonged exposure of the tissue to X-537A. Alternatively, compensatory mechanisms may be initiated in an attempt to stabilize the cellular ionic environment. It might be speculated that in a purely passive situation the ionophore would continue to facilitate Na + and K + transport until eventual equilibration of the transmembrane concentration gradient for these cations was attained.
Although the loss of K + and gain in Na + by the tissue coincide with the negative inotopism. the subsequent recovery of mechanical function in the absence of appreciable reversal of the ionic changes (Figs. 2 and 5) suggests that the ionic changes and functional sequence are not directly related. It is of interest to compare this dissociation of ionic and functional effects with the effects of cardiac glycoside in the same tissue. 31 Within a 20-minute period X-537A induced a net loss of some 6-7 mmol of K/ VOL. 40, No. 5, MAY 1977 kg wet wt and a somewhat greater net gain of Na + with neither evidence for any discernible net gain of Ca 2+ (Fig.  8 ) nor the appearance of any increase in diastolic tension (Fig. 1) . The induction of such changes of K + and Na + by glycoside were consistently associated with marked net Ca 2+ uptake and greatly increased diastolic tension, to the point of full contracture, i.e.. toxic effects. 31 Therefore, although the ionophore produces net Na + and K + effects comparable to those that are produced by toxic doses of glycoside, the associated effects on Ca 2+ and function are not evident. This suggests that the increased intracellular Na + resulting from the action of X-537A is distributed in a manner that does not make it available for participation in demonstrated Na + -Ca 2+ exchange mechanisms 3 *- 40 and. therefore, does not result in increased Ca 2+ uptake.
Although the evidence given above provides only indirect support for a rather specific redistribution of cellular Na + by the ionophore, there is more direct support for an ionophore-induced alternation of K + exchange. The 42 K washout experiments revealed that, following X-537A. K + exchange rate slowed significantly and. in addition, a nonparallelism of tissue and effluent curves occurred ( Table  2 ). The latter indicates that, with respect to the kinetics of exchange, a cellular compartmentalization of K + was induced that was not present prior to perfusion with the ionophore.
Pressman 2 indicated that the selectivity of X-537A was approximately equivalent for Ca 2+ and Mg 2+ . Since the intracellular free Mg 2+ concentration might be as high as 10~3 M. 4 ' it was necessary to determine whether its exchange was affected by the ionophore. 28 Mg exchange, at a high level of sensitivity, was monitored in two septa. X-537A (5 |UM) produced no alteration in the control exchange pattern. It is. therefore, unlikely that the ionophore induces significant transcellular Mg 2+ movements.
Although the present results do not provide direct insight into the basis of the negative inotropy the possibility exists that these changes may have their basis in the effects of X-537A on mitochondrial ATP synthesis. X-537A. as well as many other ionophorous antibiotics, is capable of uncoupling oxidative phosphorylation in isolated mitochondria, probably by inducing permeability changes in the mitochondrial membrane and thereby perturbing concentration gradients across this membrane . (i> l2 If X-537A were to enter the cell and exert such an uncoupling action this would result in a progressive diminution in high energy phosphate which would in turn lead to failure of the muscle on the basis of depletion of its energy stores. If upon washout of the ionophore the transmitochondrial membrane concentration gradients were restored, the uncoupling action would reverse 12 and force would return toward control levels as energy stores were gradually repleted. The gradual decline and recovery of force development (Figs. 2. 4-6) is consistent with such an action.
